Objective: To analyze the levels of regional tissue oxygenation in preterm infants in association with echocardiographically significant patent ductus arteriosis (PDA).
Introduction
Patent ductus arteriosis (PDA) is a significant complication in neonates born prematurely. 1 Approximately 35% of the respiratory symptoms in preterm born infants result from the persistence of a PDA. 2 The left-to-right shunting phenomenon places the newborn with PDA at risk for diminution of the systemic blood flow to the regional organs. 3 The current literature has implicated impaired regional perfusion for the development of brain lesions, renal insufficiency and necrotizing enterocolitis in preterm neonates with PDA. 4, 5 Postductal aortic diastolic flow and pulmonary to systemic blood flow ratio in neonates diagnosed with PDA correlates significantly with the transductal diameter. 2, 6 Evans and Iyer 7 reported an abnormal postductal aortic diastolic flow in association with a ductal diameter of more than 1.5 mm, independent of postnatal age. Although the transductal diameter was classified as the most accurate echocardiographic (ECHO) marker in predicting a subsequent significant PDA, 2, 6 no study has evaluated regional tissue oxygenation in preterm neonates with PDA with respect to the ductal size. We hypothesized that in preterm infants the level of regional tissue oxygenation would be related to the size of the echocardiographically confirmed significant PDA. In this study cerebral, renal and mesenteric tissue oxygenation in preterm infants diagnosed with PDA was analyzed with respect to the significant PDA classified as moderate or large. 8 Non-invasive near-infrared spectroscopy (NIRS) technology that has been used to assess neonatal regional tissue oxygenation was utilized to measure oxygenation in cerebral, renal and mesenteric tissue. 9, 10, 11 The results of this study will add to our knowledge with regard to the role of the PDA in regional tissue oxygenation.
Methods
The Institutional Review Board of the Robert Wood Johnson Medical School approved the study. A signed parental informed consent was required for participation in the study. The study included preterm infants with gestational age (GA) less than 32 week who were admitted to the Level III Neonatal Intensive Care at the Robert Wood Johnson University Hospital. Neonates were enrolled after ECHO confirmation of the PDA and before the first dose of pharmacological PDA treatment. Infants with congenital anomalies and major cardiac disorder were excluded.
The cerebral (rSO 2 -C), renal (rSO 2 -R) and mesenteric (rSO 2 -M) tissue oxygenation measurements, which were obtained under steady conditions for approximately 60 min before the pharmacological PDA treatment, were analyzed. The regional rSO 2 was measured using NIRS (INVOS 5100, Somanetics Corporation, Troy, MI, USA) technology that utilizes near-infrared light (600-900 nm) to reflect the presence of chromophores (hemoglobin (Hb), cytochrome aa 3 and myoglobin). Although it is not possible to distinguish between the effects of each of the chromophores with this technology, 12 it has been shown that a major part of the NIRS signal is derived from Hb with a combined error of <1% for the total Hb measurement. 13 The NIRS measurements reflect a combination of intravascular oxygenated/deoxygenated venous, arterial and capillary Hb in the proportion of approximately 75:20:5.
14,15 Clinical and experimental studies have validated NIRS for the measurement of cerebral tissue oxygenation. [16] [17] [18] [19] NIRS is suitable for measuring not only the cerebral, but also splanchnic oxygenation in pediatric surgical patients 20 and neonates. 21, 22 In addition, vital parameters including pulse oximetry measured arterial oxygenation (SaO 2 ), systolic, diastolic and mean blood pressure (BP-S, BP-D and BP-M, respectively) and heart rate (HR) were recorded with the GE DASH 4000 (GE Healthcare, Waukesha, WI, USA). An exact time match was used to link the regional rSO 2 with the corresponding vital parameter values. For newborn infants, the GE DASH 4000 wall monitor displays SaO 2 ranges from 70 to 100% and 50 to 65%, with an accuracy of ± 2 and 3%, respectively; BP is displayed in the range of 30 to 135 mm Hg for systolic, 10 to 110 for diastolic and 10 to 125 for mean BP; and HR of 30 to 200 beats min
À1
, with an accuracy of±3 beats min À1 . The NIRS probes were applied to the skin's surface of the forehead, thoracolumbar and midline region below the umbilicus to measure rSO 2 -C, rSO 2 -R and rSO 2 -M, respectively . Simultaneously measured SaO 2 was used to calculate the cerebral, renal and mesenteric fractional oxygen extraction (FOE), which is the percentage of the delivered oxygen utilized by the tissue (FOE ¼ (SaO 2 -rSO 2 )/SaO 2 ). 23, 24 It has been shown that FOE effectively measures the adequacy of oxygen delivery in very preterm neonates. 23 Demographic, clinical and laboratory data including the closest to the time of study Hb, hemotacrit and blood gas were collected. ECHO data (based on the two-dimensional ECHO and Doppler examinations) were obtained from the ECHO reports of the study infants. The PDA was considered echocardiographically significant (large) when the ductus arteriosus size was >3.0 mm and moderate if transductal diameter was 1.5 to 3.0 mm. 8 Hypoxic episodes were defined by pulse oximetry-measured arterial oxygen saturation (SaO 2 ) of p80%.
25 HR p80 beats min À1 was recorded as bradycardia 26 and BP-M <30 mm Hg as hypotension. 27 
Statistical analysis
For each participant, the mean values of tissue oxygenation (rSO 2 -C, rSO 2 -R and rSO 2 -M), oxygen extraction (FOE-C, FOE-R, FOE-M), BP and HR obtained during the 60 min of continuous monitoring were calculated. The data were stratified based on the PDA size (moderate vs large). Analysis of variance was utilized for continuous and w 2 test statistics for categorical data. In addition, general regression models were utilized to identify the independent effect of PDA size on the regional tissue oxygenation. Statistical analysis was performed using Statistica 9.1 (StatSoft, Tulsa, OK, USA). A P<0.05 was considered statistically significant.
Results
A total number of 38 prematurely born infants diagnosed with PDA between 1 and 28 days of life were studied before initiation of pharmacological treatment of PDA. A large and moderate size of PDA was recorded in 24 and 14 infants, respectively. Comparison of the demographic and clinical characteristics of the infants with PDA showed that the infants with moderate PDA were more frequently mechanically ventilated than those with a large size PDA (Table 1 ). There were no differences in the GA, weight, mode of delivery, Hb, hemotacrit and blood gas parameters between infants We found wide variability in the measured regional tissue oxygenation parameters and no significant differences in the cerebral, renal, and mesenteric tissue oxygenation and oxygen extraction with respect to the ductal size ( Table 2 ). The effect of the PDA severity on regional tissue oxygenation was studied in general regression models that in addition to the PDA severity included GA, postpartum age and type of respiratory support. The PDA severity and other included variables did not impact the cerebral and renal tissue oxygenation and oxygen extraction (data not presented). However, a combination of the PDA severity and type of respiratory support significantly influenced the oxygenation in the mesenteric tissue (Figure 1) . The lowest rSO 2 -M was seen in infants with a large PDA on nasal continuous positive airway pressure (NCPAP) (36.0%, 95% confidence interval of the mean between 26.9 and 44.3%). As shown in Figure 2 , the highest FOE-M was recorded in infants with a severe PDA on CPAP (0.617, 95% confidence interval of the mean between 0.508 and 0.720). Infants with significant PDA on CPAP had SaO 2 in the normal range from 91.7 to 99.1%, with a mean of 96.8% ± 2.2%.
Discussion
Perfusion-dependent regional tissue oxygenation 28 may be compromised significantly by an increase in the PDA size because the ductus arteriosus diameter was identified as an important predictor of a clinically significant PDA. 2, 6 In this study, the cerebral and renal tissue oxygenation was comparable in infants with echocardiographically confirmed PDA with large and moderate transductal diameter. Significantly lower mesenteric tissue oxygenation was recorded in infants with a large PDA on NCPAP, but not in the mechanically ventilated neonates. Large transductal size and NCPAP, which is a known factor that influences mesenteric artery blood flow velocity in preterm infants, 29, 30 is one possible explanation for this finding, although reduction in mesenteric blood flow does not always impair Regional tissue oxygenation in infants with PDA A Petrova et al mesenteric tissue oxygenation. 31 We did not find a decrease in mesenteric tissue oxygenation in infants with moderate PDA on NCPAP, maybe because of the inadequate number of observed cases with moderate PDA on CPAP (n ¼ 2). As recent publications have reported significant variation in mesenteric tissue oxygenation with gestation and/or postpartum age, 32, 33 the inclusion of gestation and postpartum age in the regression model has strengthened the results of this study.
We cannot compare our findings with others because our study is the first to investigate the association between the size of the PDA and the infant's cerebral, renal and mesenteric tissue oxygenation. Lemmers et al. 34 reported decreased cerebral tissue oxygenation in infants with PDA as compared with GA, age and ventilator support matched neonates without clinical signs of PDA. However, ECHO evaluation was performed in <50% of the control infants and the PDA cases were not analyzed with respect to transductal diameter. In our study, the mean level of cerebral tissue oxygenation in neonates with moderate and large PDA was slightly (6%) higher than the infants in Lemmers et al.'s study. 34 As compared with Lemmers et al.'s and our report, Zaramella et al. 35 found lower cerebral tissue oxygenation index in infants with PDA before surgical closure. The difference in postnatal age 34 and NIRS equipment 35 may account for the observed disparity in the reported cerebral tissue oxygenation level in infants diagnosed with PDA.
Despite the existing concern with regard to the accuracy of NIRS, 36, 37 this non-invasive methodology has shown good potential for assessing oxygenation in regional tissue including the mesenteric. 11, 38, 39 Several case reports have shown significant mesenteric desaturation in infants with necrotizing enterocolitis that normalized after treatment. 40, 41 Early recognition of mesenteric ischemia before the occurrence of intestinal infarction would be clinically important. 42 Significant impairment of mesenteric tissue oxygenation with substantial increase of oxygen consumption can be associated with an increased risk for the development of necrotizing enterocolitis. However, a large-scale study will be required to determine the threshold of mesenteric saturation that increases the risk for intestinal morbidity.
We have to conclude that the size of the PDA does not affect cerebral and renal tissue oxygenation, but decreases mesenteric tissue oxygenation in association with a large PDA and NCPAP.
